Abstract Aldosterone binds to the mineralocorticoid receptor (MR) and increases renal Na + reabsorption via up-regulation of the epithelial Na + channel (ENaC) and the Na + -K + -ATPase in the collecting system (CS) and possibly also via the NaCl cotransporter (NCC) in the distal convoluted tubule (DCT). However, whether aldosterone directly regulates NCC via MR or indirectly through systemic alterations remains controversial. We used mice with deletion of MR in ∼20 % of renal tubule cells (MR/X mice), in which MR-positive (MR wt ) andnegative (MR ko ) cells can be studied side-by-side in the same physiological context. Adult MR/X mice showed similar mRNA and protein levels of renal ion transport proteins to control mice. In MR/X mice, no differences in NCC abun- 
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Introduction
Aldosterone (aldo) is important for the control of sodium (Na + ) homeostasis and hence extracellular volume and blood pressure. It stimulates Na + reabsorption in aldo-sensitive epithelia in the kidney, colon, and sweat glands and elicits its effects by binding to the mineralocorticoid receptor (MR). The MR acts as a transcription factor controlling expression and activity of proteins either mediating or regulating epithelial Na + transport [2, 21, 32] . The importance of the MR for Na + homeostasis is underlined by the observation that in humans, loss-of-function mutations in the MR cause renal salt wasting and hyperkalemia despite high plasma aldosterone levels (pseudohypoaldosteronism) [8] . Likewise, mice with targeted inactivation of the MR die shortly after birth due to severe extracellular volume depletion if not rescued by repeated subcutaneous NaCl injections [3, 4] .
In the kidney, aldosterone stimulates Na + reabsorption by activating the epithelial Na + channel (ENaC) and the basolateral Na + -K + -ATPase in the segment-specific epithelial cells of the renal connecting tubule (CNT) and collecting duct (CD), which together form the collecting system (CS) [22] . Renal MR expression is not restricted to the CS, but is also found in the distal convoluted tubule (DCT) and the thick ascending limb (TAL) [2, 5] . Increased plasma levels of aldosterone induced by exogenous aldosterone infusion, dietary Na + restriction, or diuretic treatment correlate with an increased abundance and phosphorylation of the thiazidesensitive NaCl cotransporter (NCC) in the DCT [11, 12, 34, 35] . The stimulatory effect of aldosterone on NCC was also reported to occur in DCT cells in vitro and was suggested to involve the activation of different kinases including SGK1 [32] , WNK4 [34] , and SPAK [12] as well as the ubiquitin ligase Nedd4-2 [14, 27] . Pharmacological blockade of the MR by spironolactone inhibited, at least in part, the effects of aldosterone on the DCT and NCC [16] , suggesting that the MR mediated the effects of aldosterone on NCC. Nevertheless, it remains unclear whether the effects of aldosterone on NCC are mediated directly via the MR or might be secondary to changes provoked at the systemic level. For example, hyperaldosteronism causes hypokalemia [20] which is known to profoundly affect NCC [25, 29] . Moreover, it is important to note that the enzyme 11-β-hydroxysteroid dehydrogenase type 2 (11βHSD2), protecting the MR from activation by glucocorticoids through rapid metabolization of cortisol in humans and corticosterone in rodents, is significantly expressed only in the end portion of the DCT (DCT2) and the CS [2, 5, 10] . Therefore, this expression pattern of 11βHSD2 raises the important question of how aldosterone can activate the MR in the DCT in the presence of 100-1000 times higher glucocorticoid plasma levels.
To address the role of the MR in NCC regulation, we took advantage of the fact that in cells of female animals, one of the two X chromosomes is permanently and randomly inactivated. Thus, mating of mice with a X-chromosomelinked expression of the cre recombinase [24] with mice with floxed MR alleles [21] generated female mice carrying a targeted deletion of MR in some, but not all, of their cells (MR/X mice). In this model, MR-positive (MR wt ) and MRnegative (MR ko ) cells can be studied next to each other in the same physiological context. This model is highly advantageous as it provides an excellent internal control for any differential effects of confounding factors provoked at the systemic level (e.g., compensatory up-regulation of hormones and/or altered tubular flow and extracellular ion concentration).
Material and methods
Animals All animal experiments were conducted according to Swiss Laws and approved by the veterinary administration of the Kanton of Zürich, Switzerland. MR/ X mice were generated on a C57Bl/6 background by breeding homozygous MR lox/lox males with homozygous MR lox/lox females in addition heterozygous for the Xchromosome-linked cmv-cre [24] . All experiments were done in female mice homozygous for MR lox/lox and heterozygous for cmv-cre expression (MR/X). Female MR lox/lox /cmv-cre wt mice were used as control.
Rescue protocol In our first breeding program, MR/X mice did not survive. To improve survival of newborn MR/X mice, the rescue protocol suggested by Bleich et al. for MR ko mice was applied [4] . After weaning, animals were given standard chow and water ad libitum.
Metabolic cages Mice were studied for 4 days in metabolic cages, receiving 2 days of control (0.3 % NaCl)-and 2 days of 0.03 % NaCl diet (Sniff Spezialdiäten, Soest, Germany). At the end of the experiment, either blood or kidneys were harvested and snap-frozen, and kidneys were fixed by vascular perfusion with 3 % paraformaldehyde/0.1 M phosphate buffer as previously described [25] .
Aldosterone measurements Plasma was diluted 1:5, urine was diluted 1:50, and both were measured in triplicates using an aldosterone ELISA Kit (CAN-ALD-450, Diagnostics Biochem Canada Inc., Canada) and a Tecan plate reader (Tecan infinite F200 pro, Tecan Group AG, Switzerland) according to manufacturer's instructions.
Electrolyte analysis Urine electrolyte levels were measured in 100 μl urine diluted 1:10 in dH 2 O using an EFOX 5053 flame photometer (Eppendorf, Eppendorf, Germany). Plasma electrolyte composition was analyzed with a radiometer ABL 80 flex (Radiometer Medical ApS, Brønshøj, Denmark) immediately after venous blood sampling.
Real-time PCR Total kidney RNA was isolated using a Nucleospin RNA kit (Macherey Nagel). The real-time PCR was performed using a LightCycler 480 Instrument II (Roche, Basel, Switzerland). The following primers have been used: MR forward: TTCGGAGAAAGAACTGTCCTG; MR reverse: CCCAGCTTCTTTGACTTTCG; GR forward: CAAAGATTGCAGGTATCCTATGAA; GR reverse: TGGCTCTTCAGACCTTCCTT; 11 ß-HSD2 forward: CCAGCAGGAGACATGCCATAC; 11 ß-HSD2 reverse: GCTGACCTTGATACCCCAGG; αENaC, forward: ACCCCGTGAGTCTCAACATC; αENaC reverse: CCTGGCGAGTGTAGGAAGAG; γENaC forward: AGTTCAGAAAGAACTCTGCAGGC; γENaC reverse: GTGTTCAGGCAGTACCAATGC; NCC forward: T G A C C T G C AT T C AT T C C T C A ; N C C r e v e r s e : GAAGCGAACAGGTTCTCCAG; ß-actin forward: CCACCGATCCACACAGAGTACTT; ß-actin reverse: GACAGGATGCAGAAGGAGATTACTG.
Immunoblotting The whole kidneys were homogenized by ultrasound in lysis buffer as previously described [25] . Protein concentration was assessed via Bradford assay (CooAssay Protein Dosage Reagent, Uptima, France); 25 μg of protein were solubilized in loading buffer (31.5 mmol/L Tris-HCl, 1 % SDS, 0.005 % bromphenol blue, 12.5 % glycerol and 5 % ß-mercaptoethanol, pH 6.5), run in SDS PAGE, and transferred to nitrocellulose membranes. Secondary dyeconjugated antibody fluorescence (IRDye, Li-Cor Biosciences, USA) was imaged using a Li-Cor infrared scanner (Li-Cor Biosciences, USA). Optical density was quantified using ImageJ software (http://imagej.nih.gov/ij/).
Immunofluorescence The kidneys were processed for immunofluorescence as described previously [25] . For MR staining, microwave heating was used for antigen retrieval followed by the Tyramide Signal Amplification protocol as proposed by the manufacturer (TSA Fluorescein System, Perkin Elmer, Waltham, MA, USA). Microwave heating reduced the nuclear DAPI staining and caused a general cytoplasmic background that appears in the composite immunofluorescence images as grey staining. Images were acquired using a Leica TCS SP8 upright confocal microscope and processed by ImageJ software. Composite immunofluorescence images are presented in magenta/green/grey to increase contrast for the deuteranomalic population.
Morphometry For quantification of MR knockdown, two whole kidney sections each of the four MR/X animals were scanned at 10×. Six fields of view (FOV) were evenly scattered at random locations over the kidney cortex and placed the same for every image. DCT and CS were determined via morphological criteria. Cells in the FOV were visually assigned to be either MR wt or MR ko .
Immunofluorescence intensity quantification Optical density of IF stainings was determined using ImageJ software (http:// imagej.nih.gov/ij/) with a custom script to minimize bias. Sections from eight MR/X animals, four having received for two days 0.03 % Na + diet and four having received control diet, were scanned with a Leica TCS SP8 upright confocal microscope at 20× magnification with a numerical aperture of 0.99. At least four orthogonally cut DCTs and CSs each per animal were randomly selected for quantification. The investigator defined the center of the tubule from which then a circle with the radius of 35 μm was automatically generated and subdivided into 360 equal sectors. Subsequently, the centers of MR-labeled orunlabeled cells were selected based on the fluorescence signal of MR. For each cell and each channel, the staining intensity of ten sectors was integrated. Within a 10°angle, the intensity of the staining at the apical or basolateral cell side was quantified. The script is available in the supplement.
Reagents and antibodies Unless otherwise stated, reagents were purchased from Sigma Aldrich (Sigma, Buchs, Switzerland). Antibodies directed against total and phosphorylated NCC (tNCC and pT53NCC), αENaC, and γENaC were previously described [17, 25, 37] . The anti-MR antibody was kindly provided by Dr. Gomez-Sanchez [9] . The anti-Na + -K + -ATPase antibody was a kind gift from Dr. Feraille [7] . Antibodies have been used in the following dilutions for immunoblotting: anti-GR: 1:2.000; anti-11-ß-HSD-2: 1:1.000; anti-αENaC: 1:5.000; anti-γENaC: 1:10.000; anti-tNCC: 1:5.000; anti-pT53NCC: 1:5.000; anti-ß-actin: 1:20.000. Antibody dilutions for immunofluorescence were as follows: anti-MR: 1:40; anti-αENaC: 1:10.000; anti-γENaC: 1:20.000; anti-tNCC: 1:40.000; anti-pT53NCC: 1:200.000; anti-Na + -K + -ATPase: 1:20.000. Nuclei were stained with DAPI: 1:500.
Statistical analysis Results are expressed as means ± SEM. ANOVA Kruskal-Wallis test with Holm-Sidak's multiple comparisons test was applied unless otherwise specified.
Results
Similar to whole-body MR knockout mice [4] , MR/X mice died within ∼10 days after birth, unless they were rescued by Na + supplementation according to the protocol by Bleich and co-workers (Fig. 1a, b) . However, in contrast to whole-body knockout mice, MR/X mice thrive normally and do not exhibit any significant growth retardation once the critical postnatal phase is overcome. RT-PCR (Fig. 2a) and immunoblots (Fig. 2b) did not show any difference in the expression of GR, 11-ß-HSD2, alpha and gamma subunits of ENaC, and NCC between kidney homogenates of adult control and MR/ X mice. MR expression as studied by immunofluorescence revealed no obvious differences between both groups of mice Fig . 1 Successful rescue of MR/X mice. a Survival of newborn MR/X mice receiving 25 μl/g bw 0.9 % NaCl s.c. from day 2 pp (dashed line, n = 7) compared to wildtype animals receiving same injections (continuous line, n = 9) and MR/X mice receiving no injections (dotted line, n = 7). b MR/X mice receiving NaCl gained bodyweight comparable to wt, while no more significant bodyweight gain after day 5 pp was notable in the mutant group receiving no injections in overviews of the kidney (Fig. 2c) . However, detailed analysis revealed that the MR was lost in the MR/X mice in 27.44 ± 3.50 % (n = 4) and 16.63 ± 2.16 % (n = 4) of the DCT and CS cells, respectively. As the inactivation of the X chromosome occurs randomly, MR inactivation was expected in ∼50 % of the cells. The unexpected low number of cells with MR deletion could possibly be explained by an inefficient cre expression or by a selection advantage of MR wt over MR ko cells. We next challenged control and MR/X mice with two days of dietary Na + restriction (0.03 % Na + ) to try to reveal possible compensation defects. Urinary Na + excretion dropped significantly, while 24 h urinary aldosterone and K + excretion increased compared to control diet in both groups of mice. The 24-h urine volumes increased slightly, but were not significantly different from the values measured under control diet in both groups of mice (Fig. 3) . Likewise, plasma electrolytes did not show any significant differences between genotypes (Table 1) . Interestingly, the dietary sodium restriction lowered plasma K + concentration in both groups of mice (Table 1) . Independent from the underlying mechanism for the unexpected low number of cells with MR deletion, the MR/X mice permitted us to study MR wt and MR ko cells side-by-side in the same kidney. To quantify immunofluorescent staining intensities for individual cells, we developed an ImageJ script (Supplement) that automatically analyzes optical densities of fluorescence in given areas around the axis of orthogonally sectioned tubules. With this approach, we were able to accurately measure fluorescence intensities in single cells in the same tubular profile in an unbiased way (Fig. 4) . First, we , and K + excretion are almost similar for control (Ctr) and MR/X mice under standard diet and in response to 2 days of a low-Na + diet. Data are expressed as means ± SEM, n ≥ 4 for Ctr, n ≥ 7 for MR/X Step 1). Based on this input a circle with the radius of 35 μm is generated which automatically subdivides into 360 equal sectors (Step 2). Subsequently, the centers of MR-labeled or -unlabeled cells are userselected based on the fluorescence signal of MR (Step 3, "x" for positive, "y" for negative). For each cell and each channel, the staining intensity of ten sectors in its direction is automatically integrated (Step 4). Via this, staining of 10°of membrane apical from the nucleus is quantified analyzed by immunofluorescence NCC expression and phosphorylation using antibodies against total NCC and NCC phosphorylated at serine 53. We found that the subcellular localization and the abundance of total and phosphorylated NCC was similar in MR wt and MR ko cells during control conditions (Fig. 5) . In response to feeding a low Na + diet, total conditions and does not control the up-regulation of NCC in response to dietary Na + restriction. We next analyzed αENaC and γENaC expression in the CS. Under the control conditions, αENaC staining intensity was significantly lower in MR ko than that in MR wt cells, while γENaC staining intensity was significantly enhanced in knockout cells (Fig. 6a) . However, γENaC was not targeted to the apical plasma membrane and was found diffusely distributed throughout the cytoplasm in MR ko cells (Fig. 6c) . Two days of dietary Na + restriction further increased αENaC staining intensity in MR wt cells (Fig. 6a) , while αENaC remained almost undetectable in MR ko cells. Consistent with an impaired aldosterone-dependent regulation of ENaC, the MR ko cells also did not show any translocation of γENaC to the apical cell surface as was evident in the MR wt cells (Fig. 6b, c) .
MR tNCC
The rate of Na + reabsorption along the renal tubule does not only depend on the activity of the apical Na + transporting proteins but also on the Na (Fig. 7) . However, in the CS, the loss of the MR significantly lowered Na + -K + -ATPase expression (Fig. 7) .
Discussion
The aldosterone-MR signaling axis is critical for ion-and extracellular volume homeostasis, as highlighted in our study by the 100 % perinatal lethality of the MR/X mice. It therefore seems that during the very critical perinatal phase [15, 23] , a loss of the MR in less than half of the cells of the body is sufficient to provoke a life-threatening situation if the renal Na + loss is not replaced by parenteral Na + supplementation. Given that there is no X-chromosomal-linked MR deficiency in humans, our chosen experimental approach is artificial. However, the employed transgenic mouse model enabled us to study the cell autonomous role of the MR in intact animals. By comparing MR wt and MR ko cells in the same tubule of the same kidney in the same mouse, we achieved a perfect internal control for any confounding factor provoked at the systemic level. Together with the developed automated quantification system, we could efficiently quantify immunofluorescent signals for the MR, total and phosphorylated NCC, ENaC, and the Na Although we were able to detect a stimulation of NCC by dietary Na + restriction, we did not find any evidence for a regulatory role of the MR for NCC abundance and phosphorylation. This contrasts with the conclusions drawn from several previous in vivo studies in which the effect of Na + restriction [11, 35] , aldosterone infusion [11, 35] , furosemide treatment [1] , and MR inhibition [16] on NCC was studied at the level of the whole animal. However, all these experimental maneuvers do not only change plasma aldosterone levels and/or interfere with MR signaling, but may provoke numerous confounding effects on plasma hormone levels and/or tubular flow that may interfere with NCC regulation as well. For example, Na + restriction, diuretic treatment, and MR inhibition activate the renin-angiotensin system, and angiotensin II is a known potent NCC regulator [13, 33] . Likewise, aldosterone as well as furosemide administration cause hypokalemia, which may activate NCC by direct effects on DCT plasma membrane voltage, intracellular chloride concentrations, and WNK/SPAK activity [29] . Interestingly, we also observed that the two days of dietary sodium restriction lowered plasma K + levels in mice. Consistent with a dominant role of plasma K + , two groups just independently showed that the down-regulation of NCC in mice with kidney-specific MR deletion could be overcome or at least mitigated by employing dietary K + restriction to normalize plasma K + [6, 28] . Likewise, recent studies by Hunter and colleagues using mice deficient for 11βHSD2 challenged the conventional concept of mineralocorticoid signaling in the DCT [10] . The possible contribution of non-genomic effects of aldosterone on NCC regulation is intriguing and awaits future studies [18] .
In contrast to NCC, the MR appears to be critical for the regulation of ENaC. Under the control conditions, the MR ko cells in the CS did not show any detectable αENaC expression or apical localization of ENaC. Dietary Na + restriction failed to up-regulate αENaC and to translocate the channel to the cell surface in MR ko cells, which is consistent with the results of many previous studies including those analyzing mouse models with a constitutive or an inducible inactivation of the MR in the CNT and CD [2, 21, 31] . Interestingly, although the loss of the MR did not interfere with the abundance of the Na ko cells of the CS might be a direct consequence of the impaired transcriptional regulation of the pump or the indirect result of the lowered apical Na + entry rate due to the down-regulation of ENaC [30, 36, 38] . Independent from the underlying mechanism, our data suggest that the expression of both the apical and basolateral Na + transport pathways in the CS are dependent on the presence of the MR, while the MR expression is dispensable in the DCT.
In conclusion, we describe an easy-to-use, microscopybased, semi-quantitative approach to study the cell autonomous role of a regulatory protein of renal Na + transport in the context of an intact animal. Our data confirm the crucial relevance of the MR for ENaC and Na + -K + -ATPase regulation in the CS, but challenge the current concepts on the importance of the aldosterone-MR signaling axis for the control of NCC and ion transport regulation in the DCT. Our chosen approach might also prove useful to test the relevance of other signaling molecules that are proposed to regulate both ENaC and NCC, for instance Sgk1, Nedd4-2, and the WNKs.
